Helicobacter pylori is a well-established etiologic agent of gastritis, as well as duodenal and gastric ulceration (6, 35, 36) . The development of more serious sequelae, namely, gastric carcinoma and MALT lymphoma, are also strongly associated with chronic H. pylori infection (18, 41) .
H. pylori produces a battery of virulence factors, including a urease comprising up to 6% of the soluble cell protein (26) . The ammonia produced by the hydrolysis of urea by this 550-kDa multimeric enzyme has been postulated to allow the bacterium to survive and colonize the low pH environment of the gastric mucosa. This is supported by the observation that H. pylori is highly sensitive to acid in the absence of urea (34) . An additional role of urease in colonization has been implied by the finding that urease-negative mutants are unable to colonize animal models of infection, even when the gastric pH is maintained near neutrality by the administration of the proton pump inhibitor omeprazole (15, 48) .
The divalent nickel ion is a requisite cofactor in the urease active site (23) . The NixA nickel transport protein has an extremely high-affinity (K T ϭ 11.3 nM) import mechanism (39) well suited for scavenging Ni 2ϩ from the low concentrations found in human serum (2 to 11 nM) (45) and presumably in the gastric mucosa. Isogenic NixA-deficient H. pylori cells show predictably lower levels of Ni 2ϩ uptake (31% of that of the wild type) and urease activity (42% of that of the wild type) (3) .
Alignment of the 331-amino-acid NixA sequence with three homologous single-component Ni 2ϩ transporters, HoxN of Alcaligenes eutrophus (50) , HupN of Bradyrhizobium japonicum (19) , and UreH of thermophilic Bacillus sp. strain TB-90 (30) , as well as hydropathy and charge dispersion (49) , suggested a preliminary model in which NixA is an integral cytoplasmic membrane protein composed of seven transmembrane domains with the amino terminus located in the periplasm (39) .
Further examination of this alignment identified 12 conserved Asp, Glu, and His residues which were postulated to be involved in Ni 2ϩ transport (20) . These included the sequence motif GX 2 HAXDADH, which was conserved among NixA and its homologs, as well as in the NikC component of the nonhomologous Nik ATP-binding cassette transporter of Escherichia coli (20, 50) . The motif GX 2 FX 2 GHSSVV, which is also shared among the four single-component Ni 2ϩ transporters, is also present as a slight variant in the NhlF Ni 2ϩ -sensitive Co 2ϩ transporter of Rhodococcus rhodochrous (20, 27, 50) . Both sequence motifs were also predicted to be in the NicT protein, recently identified as encoded in the genome of Mycobacterium tuberculosis (10) , as well as in additional putative homologs identified in the genome sequences of Salmonella typhi (4) and Schizosaccharomyces pombe (29) . Initial topological predictions for NixA placed these motifs in the first transmembrane domain and across the cytoplasmic border of the first cytoplasmic loop into the second transmembrane domain, respectively (39) . Site-directed mutation of two Asp and three His residues located within these motifs each resulted in the complete loss of NixA-mediated Ni 2ϩ uptake and urease activity when each mutation was expressed in E. coli cells along with the H. pylori urease operon (20) . Nonconservative mutations of six additional conserved Asp and Glu residues which were postulated to lie within transmembrane domains reduced rates of Ni 2ϩ transport by Ͼ90%, with correlating reductions in urease activities (20) . While these findings shed considerable light on the function of specific amino acid residues of NixA, a detailed analysis of the membrane topology and localization of the protein is required to assign specific location and structure to amino acid residues which appear to be critical for Ni 2ϩ transport. We here report a new model of the structure and localization of NixA, based on the analysis of reporter fusions, membrane fractionation, and cross-linking studies.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. H. pylori ATCC 43504 and an isogenic NixA-deficient allelic exchange mutant of this strain have been described previously (3) . E. coli DH5␣ [supE44 ⌬lacU169 (80 lacZ⌬M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1] and E. coli MC1061 [hsdR araD139 ⌬(araABC-leu) ⌬lacX74 galU galK rpsL thi] were used as recipients of recombinant plasmids (43) . Plasmids pUEF204 [carrying the H. pylori nixA gene cloned in pBluescript II SK(ϩ) (Stratagene)], pLKC480, and pRT733 have been described previously (39, 46, 47) . Strains were maintained on Luria-Bertani agar or sheep blood agar containing the appropriate antibiotics and were stored at Ϫ70°C in Luria broth supplemented with 15% (vol/vol) glycerol or MuellerHinton broth supplemented with 4% horse serum and 15% (vol/vol) glycerol. Other media included Luria broth supplemented with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and 10 mM Na 2 HPO 4 .
Recombinant DNA techniques. Recombinant DNA methods, including restriction endonuclease digestion, ligation, and transformation, were performed according to standard protocols (2, 43) . Plasmid DNA was purified by rapid alkaline lysis (5) . Large-scale preparations were isolated with Qiagen DNA purification columns according to the manufacturer's instructions.
Construction of PhoA fusion plasmid pBAF. A 1,417-bp sequence encoding the mature PhoA polypeptide was PCR amplified as a XhoI-KpnI fragment from pRT733 (46) and subcloned into the EcoRV site of pBluescript II SK(ϩ). Two EcoRI sites within the phoA sequence were eliminated by site-directed mutation by the PCR overlap extension method of Ho et al. (25) . First-round PCR products were agarose gel purified to prevent the amplification of wild-type phoA. PCRs were performed with cloned Pfu DNA polymerase (Stratagene) and primers (sequences available upon request) which carried two conservative codon changes: CTG to CTC (G717C of phoA) and GAA to GAG (A1050G of phoA). The mutated phoA product was amplified as a PstI-NruI fragment and ligated into pLKC480, creating vector pAPF1. The phoA sequence was reamplified from pAPF1 as an XhoI-KpnI fragment and ligated into pBluescript II SK(ϩ) at these sites, yielding the IPTG-inducible PhoA fusion plasmid pBAF.
Nucleotide sequencing. Plasmid DNA was sequenced by the dideoxy chain termination method (44) . Reactions were run on an Applied Biosystems Model 373A DNA sequencer.
Construction of NixA-LacZ and NixA-PhoA fusions. A series of 21 3Ј truncates of nixA were PCR amplified as EcoRI-SalI fragments (primer sequences available upon request) and ligated into vector pLKC480 (47) to create in-frame LacZ fusions or into vector pBAF to create in-frame PhoA fusions. LacZ fusion constructs were transformed into E. coli MC1061 cells and selected on Luria agar containing ampicillin (100 g/ml), kanamycin (50 g/ml), and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (40 g/ml), PhoA fusions were transformed into E. coli DH5␣ cells and selected on Luria agar containing ampicillin (100 g/ml) and XP (5-bromo-4-chloro-3-indolylphosphate) (40 g/ml).
Enzyme assays. ␤-Galactosidase activities of NixA-LacZ fusions were measured by the method of Miller (38) . Alkaline phosphatase activity of NixA-PhoA fusions were measured by the method of Brickman and Beckwith (8) with the following modifications. Overnight cultures were used to inoculate fresh Luria broth containing 1 mM IPTG and 10 mM Na 2 HPO 4 , pH 7.0. Exponential-phase cells were washed with and resuspended in 50 mM Tris-HCl (pH 8.0) and spectrophotometrically assayed as described.
Expression of reporter fusions. E. coli MC1061 cells transformed with either pLKC480 or nixA-lacZ fusions were harvested by centrifugation (5,000 ϫ g, 10 min, 4°C) from exponential-phase Luria broth cultures. E. coli DH5␣ cells transformed with pBAF or nixA-phoA fusions grown in Luria broth containing 4 mM IPTG and 50 mM Na 2 HPO 4 , pH 7.0, were harvested as described above. Cells were ruptured in a French press at 20,000 lb/in 2 , and the lysate was centrifuged (8,000 ϫ g, 10 min, 4°C). The cleared lysate was ultracentrifuged (170,000 ϫ g, 90 min, 4°C). The resultant membrane pellet was resuspended in and washed with phosphate-buffered saline (PBS), pH 7.25, and then it was ultracentrifuged as before. Membranes were resuspended in PBS, and 7.5 g of each sample was electrophoresed under denaturing conditions in a sodium dodecyl sulfate (SDS)-5% or 8% polyacrylamide gel and transferred to Immobilon P as described by Ausebel et al. (2) . Blots were probed with antibodies to ␤-galactosidase or alkaline phosphatase (5Ј33Ј), washed, and reprobed with a polyclonal goat anti-rabbit alkaline phosphatase conjugate (Sigma). Blots were developed in BCIP-NBT (5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium) substrate solution (Sigma) according to the manufacturer's instructions.
Fractionation of H. pylori. Cells of H. pylori ATCC 43504 and its isogenic nixA mutant were grown on sheep blood agar and fractionated into periplasmic, cytosolic, outer membrane, and inner membrane fractions (2, 17) . Cells were harvested by centrifugation (5,000 ϫ g, 10 min, 4°C), cold osmotically shocked, and pelleted, and periplasmic proteins were isolated from the supernatant (2). The pelleted cells were resuspended and lysed in a French pressure cell at 20,000 lb/in 2 , and the lysate was cleared by centrifugation (5,000 ϫ g, 10 min, 4°C). The lysate was further ultracentrifuged (100,000 ϫ g, 1 h, 4°C). The supernatant (containing cytosolic components) was decanted, and the pellet (containing membrane components) was washed with PBS, pH 7.25, and pelleted again by ultracentrifugation as before. The membrane pellet was then detergent fractionated. Inner membrane components were solubilized by incubation with 0.5% (wt/vol) Sarkosyl for 20 min (17), and outer membrane components were isolated by additional ultracentrifugation (100,000 ϫ g, 60 min, 4°C). The protein concentration of each fraction was determined by the bicinchoninic acid (BCA) assay (Pierce). Each sample was boiled for 5 min in SDS-polyacrylamide gel electrophoresis (PAGE) (2) sample buffer, and 5 g (protein) was electrophoresed on an SDS-9% polyacrylamide gel and transferred to Immobilon P membranes which were probed (2) with rabbit polyclonal antibodies and affinity purified with an immobilized NixA peptide (20) . Cross-linking of H. pylori membrane proteins. Membranes were isolated from H. pylori ATCC 43504 cells cultured for 3 days on sheep blood agar plates in anaerobe jars under microaerobic conditions generated by activated Campy paks. Bacteria were harvested and resuspended in 3 ml of PBS. Cells were ruptured in a French press at 20,000 lb/in 2 , and the lysate was centrifuged (8,000 ϫ g, 10 min, 4°C). The cleared lysate was ultracentrifuged (170,000 ϫ g, 90 min, 4°C). The resultant membrane pellet was resuspended in and washed with PBS, and then it was ultracentrifuged as before. Membranes were resuspended in PBS, and 250-l samples were treated with dithiobis(succinimidyl proprionate) (DSP) or 3,3Ј-dithiobis(sulfosuccinimidyl proprionate) (DTSSP) (Pierce) for 30 min or 1 h, respectively, at room temperature at final concentrations of 0.1 to 2.5 mM with gentle mixing. Proteins in whole H. pylori cells were cross-linked in the same manner, as well as a NixA-NixA antibody control to assess cross-linker binding. Cross-linking reactions were quenched by addition of Tris-HCl (pH 7.5) to a 50 mM concentration and incubation for an additional 15 min. Each cross-linked sample, along with untreated samples (5 g of protein), was electrophoresed under nonreducing (SDS-PAGE sample buffer without ␤-mercaptoethanol) conditions on an SDS-9% polyacrylamide gel and stained with Coomassie blue (Sigma) to assess reactions. Duplicate electrophoresed samples were transferred to Immobilon P membranes and immunoblotted with NixA-specific antibodies as described above.
RESULTS
Localization of NixA to the cytoplasmic membrane. Fractionation of whole H. pylori ATCC 43504 cells into periplasmic components by osmotic shock and cytosolic and membrane components by lysis and ultracentrifugation, followed by solubilization of inner membrane components with 0.5% Sarkosyl and immunoblotting with NixA-specific antibodies, shows NixA to be an integral cytoplasmic membrane protein (Fig. 1) . Some cross-reactive bands are visible in the whole-cell preparation of the wild type and the isogenic nixA mutant. The most intense of these bands also appear in either the cytoplasmic or the periplasmic fraction. An additional band with a mass of 35 kDa appears in the outer membrane fraction; its intensity is likely due to the low protein composition of the outer membrane relative to the cytoplasm, inner membrane, and periplasm. This band is also notably present in the outer membrane fraction of the isogenic nixA mutant (Fig. 1) .
Amino-terminal structure and sequence of NixA. Analysis of the upstream nucleotide sequence of nixA (Fig. 2) and alignment of the amino acid sequence with the homologous proteins HoxN and HupN suggested the possibility of a previously unrecognized N-terminal transmembrane helix. PCR-amplified sequences containing the upstream sequence and a putative GTG translational initiation codon only or the upstream sequence and both the GTG and ATG start codons (Fig. 2) were fused in frame to lacZY in pLKC480 (forming pNLC7 and pNLC30, respectively). A Western blot of E. coli MC1061 (⌬ lac) cells expressing proteins of the fusion constructs and a vector control (see Fig. 4 ) probed with antiserum to ␤-galactosidase demonstrated significant and similar levels of synthesis of ␤-galactosidase subunits from both pNLC7 and pNLC30, but not from the vector control. o-Nitrophenyl-␤-D-galactopyranoside (ONPG) assays of the constructs and vector control demonstrated ␤-galactosidase activity from both pNLC30 and pNLC7, 52 and 496 U, respectively, indicating the translation of NixA from the upstream initiation codon (see Fig. 5 ).
These results, along with PhoA fusion activities in the same region (Fig. 5B) , indicate the presence of a previously unrecognized eighth transmembrane domain and place the amino terminus of the protein in the cytoplasm. The sequence encoding this region utilizes a GTG start codon 69 bp upstream of the originally reported initiation of translation and also now provides candidate transcriptional and translational regulatory sequences not previously identified (Fig. 2) . The additional 23 amino acids encoded by this sequence also includes a Lys residue immediately after the initiation codon, a common localization feature of cytoplasmic membrane proteins, and now predicts NixA to be 331 amino acids in length with a molecular mass of 36,991 Da.
NixA-LacZ and NixA-PhoA fusions. To confirm the prediction of eight transmembrane domains, the localization of both the amino and carboxy termini in the cytoplasm, and the location of the transport-critical motifs GX 2 HAXDADH and GX 2 FX 2 GHSSVV, additional ␤-galactosidase and alkaline phosphatase fusion proteins were constructed. Since the putative model of NixA had been designed based on hydropathy (28), charge dispersion (49) , and homology to the partially solved topology of other proteins (16), reporter fusion sites were chosen based on this model and constructed with two reporter fusion vectors (Fig. 3) rather than creating random fusions by transposon mutagenesis, which often leads to multiple fusions in small regions or hot spots of recombination separated by large gaps (16) .
To create strategic reporter fusions, 21 unique 3Ј truncates of nixA were PCR amplified. Based on the assumption that cytoplasmic membrane-spanning helices are typically 19 to 25 amino acids long, fusion sites were chosen at sufficiently small intervals to avoid overlooking membrane spanning or associated regions. The PCR-generated fragments bearing EcoRISalI restriction sites were ligated in frame to lacZY in vector pLKC480 (Fig. 3) (47) .
In order to construct alkaline phophatase fusions with sufficient enzymatic activity for easily measurable and reproducible results, an inducible vector was constructed (Fig. 3) . The nucleotide sequence encoding the mature PhoA polypeptide from TnphoA in vector pRT733 (46) was PCR amplified as a 1,417-bp XhoI-KpnI fragment ligated into pBluescript II SK(ϩ) (Stratagene). Two EcoRI sites present within the phoA fragment were eliminated by PCR site-directed mutagenesis (25) . This allowed the nixA-PCR truncates, used to create lacZY fusions, to be used directly to create IPTG-inducible phoA fusions in the resultant vector, pBAF (Fig. 3) . This redundancy of fusion sites allowed at least partial delineation of misleading fusion activities due to unusual membrane insertion of one or two fusions at the same site, as well as enhanced FIG. 1. Localization of NixA to the cytoplasmic membrane. Whole H. pylori cells and an isogenic nixA mutant harvested from third-day growth on sheep blood agar were fractionated into periplasmic, cytoplasmic, inner membrane (IM), and outer membrane (OM) components by cold osmotic shock, lysis in a French pressure cell, ultracentrifugation, and solubilization of the inner membrane with 0.5% Sarkosyl. Whole wild-type (WT) cells, whole NixA-deficient H. pylori cells, and 5 g of protein from each fraction were separated by SDS-9% PAGE and immunoblotted with NixA-specific affinity-purified polyclonal antibodies.
FIG. 2.
A previously unrecognized 23-amino-acid amino-terminal sequence including an additional transmembrane domain. Primers NXSTRTϩ, aa 7Ϫ, and aa 30Ϫ were used to amplify sequences which would include only an upstream sequence and the unreported GTG start codon or both initiation codons. PCR products were fused to ␤-galactosidase and alkaline phosphatase and assayed for activity (see Fig. 5B ). Constructs were also assayed for expression (see Fig. 4 ). Amino acid 7 fusions exhibited higher ␤-galactosidase activity and lower alkaline phosphatase activity than did amino acid 30 fusions. s, the previously reported amino terminus. Candidate promoter (Ϫ35, Ϫ10) and Shine-Dalgarno (S.D.) sequences are underlined.
interpretation of mixed activities obtained from fusions within transmembrane domains (see Fig. 5 ).
As the SalI and XhoI sites are immediately adjacent in pBluescript, primer-encoded amino acid changes in the carboxy terminus of NixA and the amino terminus of PhoA should have little effect on membrane insertion of the fusion proteins. The adjacent sites in pBAF encode the sequence Ser-Thr-SerSer, replacing the sequence Pro-Phe-Pro-Phe in TnphoA (Fig.  3) , which is followed by a Cys encoded by TnphoA and the mature PhoA amino acid sequence. In the native TnphoA sequence, two Ser residues, a Thr residue, two Asp residues, and a Glu residue are included within the 16 amino acids encoded by the in-frame insertion sequence immediately upstream of the mature PhoA polypeptide. This sequence also includes three Pro residues. As these negatively charged Asp or Glu residues, Ser or Thr residues, or Pro residues do not interfere with or confer any localization on TnphoA mutagenized proteins, their replacement by a short four-aminoacid Ser-Thr sequence does not appear to alter the activities of pBAF-encoded fusions.
Western blots of the 21 NixA-LacZ fusion proteins demonstrate the synthesis of the full-length fusion proteins and their presence in the bacterial membrane (Fig. 4) , although certain fusions in transmembrane and periplasmic domains appear to be present at lower levels. This may likely be due to proteolysis and the instability of locked translocation intermediates. Similarly, Western blotting of the 21 NixA-PhoA fusion proteins (data not shown) confirmed the synthesis of fusion proteins of the expected size. Notably, bands corresponding to PhoA fusions in the cytoplasmic domains are significantly less prominent. It has been previously noted that the non-disulfide-linked monomeric form of the alkaline phosphatase precursor is highly unstable in the cytoplasm (13) and likely accounts for discrepancies in signal intensities. Likewise, LacZ fusions to regions of NixA which localize to the periplasmic space, e.g., pNLC103, pNLC210, and pNLC276, appear to be less stable (Fig. 4) , as evidenced by immunoblotting with ␤-galactosidasespecific antiserum. There also appears to be a general trend toward lower expression and/or stability of fusions closer to the carboxy terminus of NixA.
As predicted, LacZY fusions near the amino and carboxy termini (amino acids 7 and 325) produced strong reproducible ␤-galactosidase activities and no alkaline phosphatase activity above the vector control, localizing both to the cytoplasm (Fig.  5) . With the exception of fusions at amino acid 179, all fusions to predicted cytoplasmic loops yielded high ␤-galactosidase activities and no significant alkaline phosphatase activity. Fusions at amino acid 179, which was initially proposed to be located near the carboxy-terminal end of the large cytoplasmic loop, possessed both significant ␤-galactosidase and alkaline phosphatase activities. Two Lys residues located within 10 amino acids upstream of amino acid 179 likely act as membrane anchors (21) . It has been previously shown that positively charged Lys and Arg residues commonly act as stop transfer sequences, lying at or near the junction of cytosolic and transmembrane domains and preventing further insertion of the amino acid sequence into the membrane (21) . Additionally, the next fusion site (amino acid 194) demonstrated high alkaline phophatase-to-␤-galactosidase activity, indicating that although it was predicted to be nearly in the center of the following transmembrane domain, it is more likely to be near to or within the following periplasmic loop (Fig. 5) . Significantly, reporter fusions (amino acids 30, 42, 60, and 86) within and near the highly conserved, transport-critical motifs GX 2 HAXDADH and GX 2 FX 2 GHSSVV (20, 50) place these motifs entirely within transmembrane domains II and III. Six additional residues which have been shown to reduce nickel transport by Ն90% when mutated (20) localized within or immediately adjacent to transmembrane domains II, V, VI, and VII (Fig. 5) .
The activities of fusions in the predicted final periplasmic loop and transmembrane domain VIII are difficult to interpret as strictly periplasmic or transmembrane (Fig. 5) . Amino acid 262 fusions produced significant levels of both ␤-galactosidase and alkaline phophatase activities and predict amino acid 262 to lie within transmembrane domain VII. The following fusion site, amino acid 276, yielded high alkaline phosphatase activity and only basal ␤-galactosidase activity, indicating periplasmic exposure. Fusions at amino acid 283 had no alkaline phosphatase activity and only basal ␤-galactosidase activity. Fusions at amino acid 294 produced low but significant activity with each reporter, while predicted transmembrane helix amino acid 313 fusions have alkaline phosphatase activities similar to those at amino acid 294 (100 versus 131 U/h, respectively) but only basal ␤-galactosidase activity. The sole following fusion is near the carboxy terminus and is clearly cytoplasmic. These findings indicate that the protein clearly spans the cytoplasmic membrane between amino acids 276 and 325, but the intervening region is difficult to interpret, possibly due to protein instability (Fig. 4) or misincorporation into the membrane due to the number of positive charges in the region. The region between amino acids 276 and 325 is clearly not long enough to include two additional transmembrane domains, and addition of only a ninth helix would place the carboxy terminus in the periplasm, which is clearly inconsistent with the fusion activities.
NixA appears to function as a monomer. To detect possible multimerization of NixA, whole H. pylori cells and membrane preparations were subjected to protein cross-linking with the membrane-soluble 12-Å cross-linker DSP and its water-soluble analog DTSSP over a concentration range of 0.1 to 2.5 mM. Coomassie-stained SDS-polyacrylamide gel-separated samples confirmed the general effectiveness of the cross-linking reactions, as did control cross-linking of NixA to NixA-specific polyclonal antibodies, which resulted in intense bands with masses of approximately 175 kDa, representative of the combined electrophoretic mobility of immunoglobulin G and NixA. However, immunoblotting with NixA-specific antiserum (Fig. 6 ) demonstrated that NixA remained present only as a monomer in cross-linked membrane samples, and no significant loss of monomeric-sized NixA or addition of multimericsized bands was observed in Western blots of cross-linked whole-cell proteins or cross-linked membrane protein preparations. 63 Ni 2ϩ uptake and urease activity (39) and the reduction of Ni 2ϩ uptake and urease activity seen in isogenic nixA mutants (3) . NixA is representative of a small family of high-affinity Ni 2ϩ transporters (4, 10, 12, 19, 27, 29, 30, 39, 50) which have not been extensively studied and whose structures and functions are not well understood.
We have recently reported that His, Asp, and Glu residues contained within two distinct sequence motifs, GX 2 HAXD ADH and GX 2 FX 2 GHSSVV, and putative transmembrane domains are critical for Ni 2ϩ transport, based on site-directed mutation of these residues (20) . However, the relationship of these residues to any specific structural determinant or the cellular location of these residues was largely speculative, based on a model derived from hydropathy predictions (28), the "positive inside rule" (11, 49) with a net cytoplasmic charge of ϩ12 and a periplasmic charge of Ϫ1, and homology to other transporters, such as HoxN (50) .
Although the high substrate affinity, single-component nature, and charge dispersion strongly suggested that NixA is an integral cytoplasmic membrane protein, this had not been demonstrated for NixA or any homologous transporter. We have shown here that NixA is recognizable by immunoblotting with NixA-specific antibodies only in the Sarkosyl-solubilized inner membrane components as expected. The somewhat low observed molecular weight of NixA on Western blots is typical of hydrophobic integral membrane proteins and may be the result of increased SDS binding in hydrophobic regions (42) . The technique of fractionation is somewhat limited in H. pylori cells by the altruistic lysis of cells, and the binding of cytoplasmic, inner membrane, and periplasmic proteins to the surface of live H. pylori cells, where they may act in vivo as a means of host immune avoidance. Nevertheless, fractionation and immunoblotting results combined with the criteria of cytoplasmic membrane proteins strongly support its localization in the cytoplasmic membrane.
An eighth amino-terminal transmembrane domain has also been added here to the previous model, based on the observation that in-frame reporter fusions to the region upstream of the reported translational initiation were expressed equally as well as reporter fusions placed downstream of the originally reported start. The lower ␤-galactosidase activity and higher alkaline phosphatase activity of the downstream reporter fusions relative to those of the upstream fusions further suggest that the amino terminus is located in the cytoplasm, not in the periplasm as previously reported. This now yields a model of NixA with eight putative transmembrane domains.
Additional LacZ and PhoA reporter fusions confirmed the eight membrane-spanning domains model. A total of 42 reporter fusions were constructed such that the distance between fusions would be too small to allow membrane-spanning regions to be overlooked. All reporter fusions except those in the carboxy-terminal region of predicted periplasmic loop IV (amino acids 283 and 294) and transmembrane domain VIII (amino acid 313) expressed strong complementary fusion activities and were clearly indicative of an eight-transmembranedomain topology. Relative to the originally proposed working model, fusions within transmembrane domains II through VII demonstrated enzymatic activities reflective of their relative degrees of insertion into the membrane. Fusions to the first three periplasmic loops demonstrated higher relative alkaline phosphatase activities, as expected, though each possessed some residual ␤-galactosidase activity, presumably due to tetramerization of the ␤-galactosidase subunits prior to membrane insertion in some small population of molecules.
The precise structures of periplasmic domain IV and transmembrane domain VIII cannot be discerned entirely from reporter fusion activities. While fusions at amino acid 276 clearly demonstrate periplasmic exposure and the near-carboxy-terminal amino acid 325 is clearly cytoplasmic, three fusions placed between these residues have perplexing activities. Despite the general agreement of the proposed and resolved NixA models with the positive inside rule (49) , having a net cytoplasmic charge of at least ϩ12 and a net periplasmic charge of Ϫ1 or possibly lower, there are four positively charged residues between amino acids 276 and 294. It has been observed that the loss of Lys or Arg residues in truncated fusion proteins can lead to erroneous results (7) . Fusions in this region, such as those in pNLC294 and pNLC313, also appear to be unstable or weakly expressed (Fig. 4) . So, while it is clear that NixA spans the membrane between amino acids 276 and 325, the precise nature of this region is not clear. There is, however, sufficient sequence to allow for only a transmembrane domain VIII consistent with observed reporter activities, as addition of a transmembrane IX helix would place the carboxy terminus in the periplasm. Protease protection studies or epitope mapping may be necessary to define the precise topology of this region.
Conserved residues which were shown to be absolutely requisite for Ni 2ϩ transport (Fig. 5 ) in the motif GX 2 HAXDADH (20) localized within transmembrane domain II. Similarly, the requisite conserved motif GX 2 FX 2 GHSSVV (20) now appears to lie entirely within transmembrane domain III. Four of six additional Asp and Glu residues which reduced transport by Ͼ90% when mutated (20) were localized within transmembrane domains V and VI. The remaining two transport-critical residues localized near the cytoplasmic interface of transmembrane domain II and the periplasmic interface of transmembrane domain VII.
Multimerization of transporters with eight transmembrane domains has not been extensively studied, as few examples are known. Dimerization has been suggested in the KefC protein of E. coli (14) while the transmembrane components of the CopA and CopB copper-translocating P-type ATPases function as monomers (22, 37) . Integral membrane transport proteins with 10 to 13 membrane-spanning domains have been extensively studied and commonly function as monomers (31) . Smaller transport proteins including the vast number of ATPbinding cassette transporters with six membrane-spanning domains function nearly exclusively as multimers, commonly dimers, hence the 6 times 2 rule (1, 24) . Chemical cross-linking is commonly used to detect the presence or absence of protein interaction and multimerization in vivo and in vitro (9). Crosslinking of H. pylori proteins in membrane preparations or whole live cells using the homobifunctional membrane soluble cross-linker DSP or its water-soluble analog DTSSP gave no indication of any multimerization of NixA at cross-linker concentrations of 0.1 to 2.5 mM (Fig. 6 ).
In conclusion, we can now present an empirically derived model of NixA as a monomerically functioning, integral cytoplasmic membrane protein with a mass of 36,991 Da, eight membrane-spanning domains, and the amino and carboxy termini located in the cytoplasm. Furthermore, we have now also localized two requisite sequence motifs common to all Ni 2ϩ -specific transporters of this type, GX 2 HAXDADH and GX 2 FX 2 GHSSVV (20, 50) , to transmembrane domains II and III. Finally, six additional Glu and Asp residues which also reduced transport by Ͼ90% when mutated in previous studies (20) all localized within or immediately adjacent to transmembrane domains II, V, VI, and VII.
